A novel synchronous telescopic parallelogram mechanism with movement realized by a belt drive is proposed, from which a compound kinematic limb is derived. According to the configuration derivation, a class of two-translation (2T), three-translation (3T) and three-translation-one-rotation (3T1R) parallel mechanisms is obtained by assembling the above kinematic limbs. Since the motion of these limbs in the parallelogram mechanism are dependent, screw theory is applied to illustrate the mobility of the obtained lower mobility parallel mechanisms. Moreover, through the simplified kinematic equations for these mechanisms, their position, velocity and singularity are analyzed and their workspaces are calculated. Finally, the prototype of the 2T parallel mechanism is manufactured and experimented to validate mobility and motion feasibility.
I. INTRODUCTION
Parallel mechanisms have been widely used in the industry due to the advantages of good rigidity, low inertia and high positional accuracy [1] - [3] . In particular, the lower mobility parallel mechanisms have the significant characteristics of fewer components, compact structure and simple control in comparison with six-degree-of-freedom (6-DOF) parallel mechanisms. Moreover, parallel mechanisms with the motors mounted on or close to the base can take the lightweight rod as the moving arm, which allows the end effector to obtain extremely high speed and acceleration [4] . Therefore, lower mobility parallel mechanisms with the above-mentioned characteristics are suitable for picking and placing objects at high speed on the production line.
Delta mechanism designed by Clavel is a successful example of lower mobility parallel mechanism dedicated to pick-and-place application, which is composed of three fully symmetrical limbs and enables three translations of the endeffector [5] , [6] . Later, an additional rotation was required to
The associate editor coordinating the review of this manuscript and approving it for publication was Jinguo Liu . complete grasping tasks in space. Thus, based on the original Delta mechanism, a retractable shaft with Hooke hinge at both ends was provided between the base and platform to achieve an extra single-DOF rotation of the new mechanism called Delta-4.
To improve the working performance, lots of fully parallel mechanisms with three translations and one rotation appeared continuously. A series of three-translation-one-rotation (3T1R) fully parallel mechanisms were designed: H4, I4 and Para4, consisting of four identical limbs and a complicated articulated travelling plate which can realize a wider range of rotation [7] - [12] . Moreover, the four-prismatic-rotationparallelogram-rotation (4-PRPaR) and four-rotation-rotationparallelogram-rotation (4-RRPaR) parallel mechanisms were devised [13] and the X4 parallel mechanism was proposed [14] - [16] , the commonality of which is that only one single platform is used to reduce the complexity and manufacturing difficulty.
However, the occasion of picking and placing objects on a two-dimension (2D) plane means that two translations are capable of meeting work requirements. A 2-DOF translational mechanism with orientation constant was discussed, and each limb contains a planar four-bar parallelogram [17] , [18] . Then, a type of 2T parallel mechanism made up of two sets of Prismatic-Parallelogram (PPa) was developed [19] , [20] . Moreover, the Diamond mechanism was presented with each limb constructed by two parallelograms, which can implement two translations of endeffector [21] , [22] .
The core design idea of the above-mentioned mechanisms is that parallelograms are applied as the closed-loop sublimbs, which can ensure that the end-effector always moves in translation with respect to the base. Under the premise of not changing special geometric relationship, some scholars focused on the parallelogram structures with variable length. Gogu investigated a type of 2T kinematic limb that utilizes a parallelogram connecting two linear moving parts to keep them parallel, and synthesized a variety of lower mobility parallel mechanisms [23] . Yang and Peng et al. proposed another type of 2-DOF kinematic limbs, which can be applied in a 2T parallel mechanism for an automatic docking device [24] , [25] .
Inspired by the above-mentioned research of the parallelogram with variable length, a new type of 2T kinematic limb called synchronous telescopic parallelogram mechanism is proposed. One set of opposite sides controlled only by one motor with a belt drive can telescope synchronously to ensure that the other set of opposite sides always keeps parallel during the movement. Firstly, due to the hydraulic transmission and pneumatic transmission being not suitable for highspeed and high-accuracy work, the belt drive of mechanical transmission is adopted to ensure the synchronous movement of two parallel links. Secondly, compared with the abovementioned 2T kinematic limbs where two parallelograms are geometrically constrained to realize synchronous telescoping in the structure and the prismatic joints are passive, the proposed mechanism is driven actively to realize the synchronous telescoping of one set of opposite sides of the parallelogram and is equivalent to using only one parallelogram to complete a 2-DOF translation, which signifies that the new mechanism can improve the motion performance and reduce the size. Moreover, the synchronous telescopic parallelogram mechanism can be regarded as a type of generalized motion joint for novel 2T, 3T and 3T1R parallel mechanisms.
The layout of this paper is arranged as follows. Based on the concept of synchronous telescoping, the parallelogram with belt dive that can complete synchronous telescopic movement is described in Sec. II, and a compound kinematic limb is derived. Then, the mobility of them is proved based on screw theory. By utilizing the synchronous telescopic parallelogram and the compound kinematic limb, a family of 2T, 3T and 3T1R parallel mechanisms are devised according to the configuration derivation and the characteristic of mobility and kinematics are analyzed in Sec. III, Sec. IV and Sec. V, respectively. In Sec. VI, the prototype of the 2T parallel mechanism is manufactured and experimental verification is implemented. Finally, the paper is concluded. 
II. KINEMATIC LIMB WITH A SYNCHRONOUS TELESCOPIC PARALLELOGRAM MECHANISM
To realize the synchronous telescopic movement of the parallelogram mechanism, a set of parallel links of the parallelogram is controlled by one motor based on the belt drive.
The structure of the parallelogram mechanism is shown in Fig. 1 , where slider 1 and slider 2 can synchronously telescope by the belt drive with a transmission ratio of 1. Pulley 1 and pulley 2 are simultaneously driven by motor 1 through belt 1. Rear pulley 1 and rear pulley 2 are coaxially connected to pulley 1 and pulley 2, respectively. Similarly, upper pulley 1 and upper pulley 2 can simultaneously rotate driven by belt 2 and belt 3, respectively. Since slider 1 is fixed on belt 2 and slider 2 is on belt 3, slider 1 and slider 2 will follow the motion of belt 2 and belt 3 to move up or down simultaneously along rail 1 and rail 2, respectively. Therefore, linkage A 1 B 1 B 2 A 2 can be taken as a parallelogram with variable length, and it means that only one parallelogram is used in the mechanism.
The schematic diagram of the mechanism is shown in Fig. 2 Fig. 2 , axis X collinear with the axis of revolute joint A 1 , axis Y parallel with link A 1 A 2 , and axis Z following the right-hand rule.
Then, the mobility of the synchronous telescopic parallelogram mechanism is analyzed through screw theory [26] - [28] . First of all, the motion screws of all joints in the parallelogram mechanism are given by where s and c are short for sin and cos, respectively. l a , l b , l c and l d are the length of links A 1 B 1 , B 1 B 2 , B 2 A 2 and A 2 A 1 in the parallelogram.α is the angle between links A 1 B 1 and A 1 A 2 , and β is the angle between links A 2 B 2 and A 1 A 2 .
Due to the influence of the belt drive as shown in Fig. 1 , the motion of two limbs are dependent which causes that the general screw theory is inappropriate. Thus, the screw theory based on closed-loop velocity equation is adopted to analyze the mobility of the parallelogram mechanism [24] , [25] .
The closed-loop velocity equation of linkage A 1 B 1 B 2 A 2 can be established as
where α 1 is the angle between links A 1 B 1 and B 1 B 2 , and β 1 is the angle between A 2 B 2 and B 1 B 2 . Then, the motion screws of platform B 1 B 2 can be written as
Equation (3) shows that platform B 1 B 2 of the synchronous telescopic parallelogram mechanism can only translate along axes Y and Z . Moreover, a new type of compound kinematic limb can be extended from the proposed parallelogram mechanism. Since the parallelogram mechanism is characterized by pure translation, it can be combined with other motion joints (such as revolute joints) to construct a special complex limb. In this paper, the synchronous telescopic parallelogram can be considered as a generalized motion joint named STPM .
Coordinate system O − XYZ in Fig. 3 is the same as that in Fig. 2 . As shown in Fig. 3 , the compound kinematic limb can be constructed by taking advantage of revolute joints C 1 , C 2 and D 1 , D 2 whose axes are parallel to axis Y to connect with the two ends of the parallelogram mechanism, respectively. The compound limb can be called R−STPM −R.
The coordinate of the center of joints C 1 and C 2 is (0, y R1 , z R1 ), and the coordinate of the center of joints D 1 and D 2 is (0, y R2 , z R2 ). Thus, the motion screws of all joints in the compound kinematic limb R − STPM − R can be expressed as
The corresponding reciprocal screws can be calculated as
Finally, the motion screws of R − STPM − R can be written as 
III. CONFIGURATION DERIVATION OF 2T PARALLEL MECHANISM
The new configuration can be obtained by changing the drive mode, the number and layout of kinematic limbs, and the number and type of motion joints based on the existing mechanism, which is called configuration derivation [29] , [30] .
A new type of 2T parallel mechanism can be derived based on the configuration derivation by the use of STPM . The mobility of the obtained 2T parallel mechanism is verified and its position, velocity, singularity and workspace are analyzed.
A. DERIVATION OF 2T PARALLEL MECHANISM
The schematic diagrams and topological graphs of the Diamond mechanism [17] , [18] and the 2-PPa mechanism [21] , [22] are shown in Fig. 4 and Fig. 5 , both of which can realize two translations. As for STPM , it can be divided into two sub-limbs A 1 B 1 and A 2 B 2 . Links A 1 A 2 and B 1 B 2 can represent the base and platform, respectively. Moreover, STPM has two DOFs and platform B 1 B 2 can translate along axes Y and Z according to Eq. (3). Therefore, STPM can be regarded as a novel type of 2T parallel mechanism as shown in Fig. 6 , where the red portion represents a set of synchronous telescopic parallelogram.
B. KINEMATIC ANALYSIS OF 2T PARALLEL MECHANISM
The simplified structure of 2T parallel mechanism is shown in Fig. 7 , and coordinate system O−XYZ in Fig. 7 is the same as that in Fig. 2 . l a = l c = l and l b = l d = L. 
From Eq. (7), we obtain
where
The inverse kinematics of the 2T parallel mechanism can be written as
Moreover, the relationship between α and β can be expressed as
The expression of α can be calculated as
The direct kinematic solution can be acquired by substituting Eq. (11) into Eq. (7) .
Thus, the inverse and direct kinematics problems of the 2T parallel mechanism can be solved from Eq. (9) and Eq. (12).
2) VELOCITY ANALYSIS
The velocity equation can be obtained by taking derivatives of Eq.(8) and reflects the mapping from the angular or linear velocity of the limb to the velocity of the end effector. It is sloved as
where J A 1 and J A 2 are the inverse and direct Jacobian matrices of the 2T parallel mechanism, which can be expressed as where
Singularity refers to the configuration in which the mobility of the mechanism is increased or decreased instantaneously. Singularity analysis has drawn considerable attention during the design of parallel mechanisms, since being close to singularity configurations can limit movement, lead to disabled control, or even damage the machine [13] . The singularity can be classified into three types [31] , [32] . Firstly, type I of singularity occurs when J A 1 becomes singular but J A 2 remains invertible and the mechanism will lose one or more instantaneous DOFs. By calculating det J A 1 = 0 and det J A 2 = 0 based on Eq. (14), there are two configurations for type I of singularity as shown in Fig. 8 .
Configuration 1 of type I of singularity is obtained as
where platform B 1 B 2 can only rotate around the axis of joint A 2 and lose two translational DOFs along axis Y and axis Z as shown in Fig. 8(a) . Then, configuration 2 is also obtained as
where platform B 1 B 2 can only translate along axis Z and lose one translational DOF along axis Y as shown in Fig. 8(b) . Secondly, type II of singularity arises when J A 2 becomes singular but J A 1 remains invertible. In this type of singularity, the mechanism will gain one or more uncontrollable DOFs even if all actuators are locked. Such the configuration can be obtained by calculating det J A 2 = 0 and det J A 1 = 0 as shown in Fig. 9 . l = L, β = π, α = 0 and α = π (17) where even if all actuators are locked, platform B 1 B 2 still has instantaneous speed as shown in Fig. 9 . Thirdly, type III of singularity occurs when both J A 1 and J A 2 become singular. This corresponds to configurations where the mechanisms can undergo finite motions even when their actuators are locked or a finite motion of the inputs fails to produce motion at the outputs, such as the following five configurations shown in Fig. 10 .
Configuration 1, configuration 2 and configuration 3 of type III of singularity can be written as
Then, configuration 4 and configuration 5 can be written as
In terms of all singular configurations of type III, platform b 1 b 2 loses the ability to move as shown in Fig. 10 .
4) WORKSPACE ANALYSIS
The range of the telescopic links is [l min , l max ] = [90, 240], where l min and l max are the lower and upper bounds of the 12), the calculated workspace of the 2T parallel mechanism is a sector, as shown in Fig. 11 .
In general, compared with the Diamond mechanism and 2-PPa mechanism, the proposed 2T parallel mechanism greatly reduces the space occupied and enlarges the working range in the vertical direction.
IV. CONFIGURATION DERIVATION OF 3T PARALLEL MECHANISM
Different from 2T parallel mechanism, a new type of 3T parallel mechanism is acquired by the utilization of compound kinematic limb R − STPM − R. The analysis of the mobility and kinematics of the 3T parallel mechanism are carried on.
A. DERIVATION OF 3T PARALLEL MECHANISM
Referring to Delta mechanism [5] , [6] and linear Delta mechanism [33] , a novel 3T parallel mechanism can be deduced by using three compound limbs R − STPM − R to connect the base and platform symmetrically which restricts all rotation of the platform, as shown in Fig. 12 , where the red, green and blue portions represent three sets of synchronous telescopic parallelograms, respectively.
To explain the validity of the new 3T parallel mechanism, the mobility is analyzed. As shown in Fig. 13 , global coordinate system O − XYZ is established with origin point O at the center of the base, axis Y parallel to the axes of revolute joints C 1 , C 2 , D 1 , D 2 of limb 1, axis Z perpendicular to the plane of the base, and axis X following the right-hand rule. For limb 1, local coordinate system O 1 − X 1 Y 1 Z 1 is established with point O 1 at the center of joint A 1 , axis Y 1 parallel to the axis of revolute joint C 1 , axis X 1 aligned with the axis of joint A 1 and axis Z 1 following right-hand rule.
It's assumed that local coordinate system O 1 − X 1 Y 1 Z 1 rotating around axis Y with angle θ is in coincidence with the direction of global coordinate system O−XYZ . Therefore, the rotation matrix from local coordinate system
The schematic diagram (a) and the topological graph (b) of the novel 3T mechanism. to global coordinate system O − XYZ can be established as
The constraint screw of limb 1 can be calculated from Eq. (5) and Eq. (23).
Equation (24) can be rewritten as $ r T 1 : Moreover, three identical limbs are symmetrically distributed about axis Z in Fig. 13 . Thus, limb 2 and limb 3 rotate around axis Z about δ 1 and δ 2 with respect to limb 1, respectively. The constraint screws of limb 2 and limb 3 can be written as
Consequently, the constraint screw of the platform can be obtained by integrating the constraint screws of all limbs. Then, by calculating the reciprocity of the constraint screw, the motion screw of the platform of 3T parallel mechanism can be obtained as
Equation (28) indicates that 3T parallel mechanism has three DOFs including the translation along axes X , Y and Z .
B. KINEMATIC ANALYSIS OF 3T PARALLEL MECHANISM
From Eq. (9), the length of synchronous telescopic parallel links is the distance between the base and platform, so that STPM can be considered as a generalized prismatic joint. In this case, 3T parallel mechanism can be simplified as a special 3-SPS mechanism that only has translation mobility instead of a general 3-SPS parallel mechanism with three translations and three rotations, as shown in Fig. 14, where l i (i = 1, 2, 3) is the length of each limb. Therefore, the number and type of DOF in 3T parallel mechanism is equal to the simplified one.
Global coordinate O − XYZ in Fig. 14 origin point O 1 at the center of platform B 1 B 2 B 3 , axis Y 1 parallel to B 2 B 3 , axis Z 1 perpendicular to the platform, and axis X 1 following right-hand rule.
1) POSITION ANALYSIS
In view of the 3T parallel mechanism, the position analysis aims to analyze the relationship between the length of the telescopic links in the R − STPM − R and the position of the end platform. Since the change of the length of the telescopic link in the R − STPM − R is equivalent to the change of the length of the prismatic joint in the SPS, the position analysis of the 3T parallel mechanism can also be equivalent to that of the special 3-SPS parallel mechanism.
x A i , y A i , z A i are the coordinates of points A i (i = 1, 2, 3) in global coordinate system O − XYZ , and x B i , y B i , z B i are the coordinates of points B i (i = 1, 2, 3) in local coordinate system O 1 − X 1 Y 1 Z 1 , respectively. (x, y, z) are the displacement of local coordinate system O 1 − X 1 Y 1 Z 1 with respect to global coordinate system O − XYZ .
According to the geometric relationship as shown in Fig. 14, the inverse kinematics problem of 3T parallel mechanism can be solved by
Assuming that
The direct kinematics of 3T parallel mechanism can be obtained by substituting Eq.(30) into Eq. (29) .
If displacement (x, y, z) are given, the length of telescopic links l i can be easily obtained from Eq. (29), while if length l i are known, displacement (x, y, z) can be solved from Eq. (31).
2) VELOCITY ANALYSIS
Similarly, the velocity analysis of the 3T parallel mechanism can also be equivalent to that of the special 3-SPS parallel mechanism.
The velocity equation of 3T parallel mechanism can be derived by taking derivatives of Eq. (29) .
where matrices J B 1 and J B 2 can be expressed as
Based on the analysis of 2T parallel mechanism in Sec. III, type I and type III of singularity of 3T parallel mechanism are non-existent since matrix J B 1 is not singular from Eq. (33). Moreover, type II of singularity arises when matrix J B 2 is singular from Eq. (34) as four following configurations, in which the platform can't be controlled anymore. Configuration 1 of singularity can be obtained as
At this time, all three limbs are coplanar with plane XOY , but not collinear with each other. Platform B 1 B 2 B 3 loses the mobility to translate along aixs Z as shown in Fig. 15 .
Then, configuration 2, configuration 3 and configuration 4 of singularity can be written as
It can be found that the values of each row of matrix J B 2 represent the cosines of the angles between corresponding limb and axes X , Y and Z , respectively. Limb 1 is collinear with limb 2 from Eq. (36), and limb 1 is collinear with limb 3 from Eq. (37), and limb 3 is collinear with limb 2 from Eq. (38). Therefore, platform B 1 B 2 B 3 can only translate along the collinear direction and lose the mobility to translate along axis Z as shown in Fig. 16 . 1, 2, 3) . 
4) WORKSPACE ANALYSIS
The range of telescopic links still changes from l min to l max as mentioned in Sec. III. Taking the coordinates of points A i and B i in Table 1 into account, the reachable workspace of 3T parallel mechanism can be obtained according to the Eq. (31) as shown in Fig. 17 .
Consequently, by comparison with the Delta mechanism, the proposed 3T parallel mechanism only comprises three parallelograms with variable length and then takes up smaller space. Moreover, the proposed mechanism only contains revolute joints while both of the Delta mechanism and linear Delta mechanism use spherical joints. Thus, the new 3T parallel mechanism has the characteristics of stronger loadcarrying capacity, higher stability, higher accuracy and simpler manufacturing.
V. CONFIGURATION DERIVATION OF 3T1R PARALLEL MECHANISM
A novel 3T1R parallel mechanism is designed by means of configuration derivation taking advantage of compound kinematic limb R − STPM − R, and the mobility and kinematics are investigated.
A. DERIVATION OF 3T1R PARALLEL MECHANISM
Inspired by the X4 mechanism [14] - [16] in Fig. 18 and the 4-PRIIRR mechanism [34] in Fig. 19 , a new type of 3T1R parallel mechanism is derived by applying four limbs R − STPM − R with the revolute joints whose axes are perpendicular to plane XOY , which can add one rotational DOF of the platform, as shown in Fig. 20 , where the red, green, blue and magenta portions represent four sets of synchronous telescopic parallelograms, respectively. Then, the mobility of 3T1R parallel mechanism is analyzed. Global coordinate system O − XYZ in Fig. 21 is established with origin point O fixed at the center of the base, axis Y parallel with the axes of revolute joints C 1 , C 2 , D 1 and D 2 , axis Z perpendicular to the base, and axis X following the right-hand rule. For limb 1 of 3T1R parallel mechanism, local coordinate system O 1 − X 1 Y 1 Z 1 is established with origin point O 1 located at the center of revolute joint A 1 , axis Y 1 parallel to the axis of revolute joint C 1 , axis X 1 aligned with the axis of revolute joint A 1 and axis Z 1 following right-hand rule. Suppose local coordinate system O 1 − X 1 Y 1 Z 1 rotates around axis Y with angle γ is in coincidence with the direction of global coordinate system O − XYZ , and coordinates of the center of revolute joints C 1 C 2 , D 1 D 2 and E in the global coordinate system as shown in Fig. 21 , respectively. According to Eq. (3) and Eq.(23), the motion screws of limb 1 of 3T1R parallel mechanism can be expressed as
The constraint screw of limb 1 of 3T1R parallel mechanism can be calculated as
Apparently, four identical limbs are symmetrically distributed by axis Z which means that limb 2, limb 3 and limb 4 can be acquired by rotating limb 1 around axis Z with angles σ 1 , σ 2 and σ 3 , respectively. Thus, the constraint screws of limb 2, limb 3 and limb 4 of 3T1R parallel mechanism can be listed as
Finally, the motion screws of the platform can be written as
Equation (42) shows that 3T1R parallel mechanism has four DOFs involving three translations along axes X , Y , Z and one rotation around axis Z .
B. KINEMATIC ANALYSIS OF 3T1R PARALLEL MECHANISM
The 3T1R parallel mechanism can be similarly simplified as a special 4-SPS mechanism that only has three translational DOFs and one rotational DOF about Z axis instead of a general 4-SPS parallel mechanism with six DOFs, as shown in Fig. 22 , where l i (i = 1, 2, 3, 4) is the length of each limb.
As shown in Fig. 22, global 
1) POSITION ANALYSIS
According to the analysis of 3T parallel mechanism, since the change of the length of the telescopic link in the limb is equivalent to that of the prismatic joint in the SPS limb, the position analysis of 3T1R parallel mechanism can also be equivalent to that of the special 4-SPS parallel mechanism.
x A i , y A i , z A i are the coordinates of points A i (i = 1, 2, 3, 4) in global coordinate system O − XYZ , and x B i , y B i , z B i are the coordinates of points B i (i = 1, 2, 3, 4) in local coordinate system O 1 − X 1 Y 1 Z 1 , respectively. Moreover,(x, y, z) and ψ are the displacement and rotational angle of local coordinate system O 1 −X 1 Y 1 Z 1 with respect to global coordinate system O − XYZ in Fig. 22 .
The displacement relationship equations can be written as
where ψ x B i , ψ y B i and ψ z B i are the coordinates of points B i (i = 1, 2, 3, 4) rotating around axis Z 1 with angle ψ.
By substituting Eq. (44) into Eq. (43), it is easy to calculate l i if (x, y, z) and ψ are known.
Since points A i are center symmetrical about point O and B i are center symmetrical about point O 1 , the following correspondence exists.
Substituting Eq. (45) into Eq. (43), we can obtain
By calculating Eqs. (46), (47) and (48), we can obtain
x and y will be solved by substituting Eq. (49) into Eqs. (46) and (48).
By substituting Eq. (50) into Eq. (43), it can be obtained as
Therefore, when the length of all limbs are given, the pose of platform B 1 B 2 B 3 B 4 can be solved from Eqs. (49), (50) and (51).
2) VELOCITY ANALYSIS
Similarly, the velocity analysis of 3T1R parallel mechanism can also be equivalent to that of the special 4-SPS parallel mechanism.
The velocity equation of 3T1R parallel mechanism can be obtained by taking derivatives of Eq. (43).
where Jacobian matrices J C 1 and J C 2 can be expressed as 
3) SINGULARITY ANALYSIS
Since matrix J C 1 is non-singular, type I and type III of singularities of 3T1R parallel mechanism are impossible from Eq. (53). Thus, when matrix J C 2 is singular, type II of singularity can be divided into three following configurations from Eq. (54).
Configuration 1 of singularity can be obtained as
Equation (55) shows that the cosines of the angles between the corresponding SPS limb and axis Z are equal to zero. Thus, platform B 1 B 2 B 3 B 4 loses the mobility to translate along axis Z as shown in Fig. 23 .
Moreover, if the following operation is performed as
where J C 2 (i, :) represents the i − th row vector, the new first line of the row vector will become 0 0 0 4cψ
Therefore, once the new first row is a zero vector, matrix J C 2 will be invertible and 3T1R parallel mechanism will be singular.
Thus, configuration 2 of singularity can be obtained as
When ψ = − π 2 and x A 1 y B 1 − x B 1 y A 1 = 0, this singularity configuration is shown in Fig. 24, where platform B 1 B 2 B 3 B 4 cannot move.
Then, configuration 3 can be written as
The singularity configuration when ψ = 0 and Fig. 25 , where the four kinematic 
4) WORKSPACE ANALYSIS
With the length of telescopic links changing from l min to l max , and in consideration of the coordinates of points A i and B i given in Table 2 , the workspace of 3T1R parallel mechanism can be obtained based on direct kinematics of Eqs. (49), (50) and (51) shown in Fig. 26 .
Due to the platform of 3T1R parallel mechanism can rotate around axis Z , the variation of workspace is complex. To express the change more clearly, three conditions of workspace contour maps with different values Z that platform Overall, in contrast with the X4 mechanism and the 4-PRIIRR mechanism, the new 3T1R parallel mechanism also has the advantages of smaller volume, lower manufacturing difficulty, higher accuracy and stronger load capacity.
VI. CAD MODEL, PROTOTYPE AND EXPERIMENTS
According to the analysis in Sec. II, the parallelogram mechanism can only accomplish the telescopic movement under the control of motor 1. Thus, motor 2 is installed to control the synchronous swing of parallelogram as shown in Table 3 . Due to the restriction of the parallelogram, when one of the rails is driven to swing, the other rail will also swing in Table 3 . And the sliders will swing simultaneously with the movement of rails. Consequently, the parallelogram mechanism controlled by two motors can realize two translations, which can be directly taken as a 2T parallel mechanism in Table 3 .
Moreover, the CAD model of 2T, 3T and 3T1R parallel mechanisms are listed as Table 3 , assembled by the synchronous telescopic parallelogram mechanisms. The prototype of 2T parallel mechanism is manufactured as shown in Fig. 28 , and the 2T parallel mechanism is mounted on the frame. In Fig. 28 , global coordinate YOZ is established with origin point O at the center of the base, axis Y along the direction of A 2 A 1 , and axis Z perpendicular to A 2 A 1 .The mobility and motion feasibility of 2T parallel mechanism is verified by experiments where point P located at the center of the platform is in different position. Consequently, the experimental results illustrate that the novel parallel mechanism can translate in plane YOZ with two DOFs. . Experiments of 2T parallel mechanism of (a) y P = 50, z P = 100, of (b) y P = 25, z P = 100, of (c) y P = −25, z P = 100, of (d) y P = −50, z P = 100, of (e) y P = 0, z P = 160, of (f) y P = 0, z P = 140, of (g) y P = 0, z P = 120, and of (h) y P = 0, z P = 100.
VII. CONCLUSION
This paper introduced a novel 2T synchronous telescopic parallelogram mechanism whose synchronous movement was realized by a belt drive and a kind of compound limb was invented from it. By the utilization of above kinematic limbs, a family of 2T, 3T and 3T1R parallel mechanisms were obtained. The motion and reciprocal screws of these lower mobility parallel mechanisms were addressed.
According to the derived simplified kinematic equations, the singularity and workspace of the above parallel mechanisms were analyzed and calculated, which provides the foundation for path planning to avoid the district of poor performance.
Moreover, the typical prototype of 2T parallel mechanism was manufactured and experimented to illustrate the validity and feasibility of the 2T parallel mechanism, and more complex experiments require other analysis such as control theory, which will be our future work.
The synchronous telescopic movement can be achieved not only through belt drive, but also through other drive methods, such as gear drive or the mixture of gear and belt drive, which will be applied to obtain a family of lower mobility parallel mechanism as described in this paper.
